Neuromesodermal (NM) stem cells generate neural and paraxial presomitic mesoderm (PSM) cells, which are the respective progenitors of the spinal cord and musculoskeleton of the trunk and tail. The Wnt-regulated basic helix-loop-helix (bHLH) transcription factor mesogenin 1 (Msgn1) has been implicated as a cooperative regulator working in concert with T-box genes to control PSM formation in zebrafish, although the mechanism is unknown. We show here that, in mice, Msgn1 alone controls PSM differentiation by directly activating the transcriptional programs that define PSM identity, epithelialmesenchymal transition, motility and segmentation. Forced expression of Msgn1 in NM stem cells in vivo reduced the contribution of their progeny to the neural tube, and dramatically expanded the unsegmented mesenchymal PSM while blocking somitogenesis and notochord differentiation. Expression of Msgn1 was sufficient to partially rescue PSM differentiation in Wnt3a −/− embryos, demonstrating that Msgn1 functions downstream of Wnt3a as the master regulator of PSM differentiation. Our data provide new insights into how cell fate decisions are imposed by the expression of a single transcriptional regulator.
INTRODUCTION
The process of vertebrate body formation provides an excellent opportunity to understand the mechanisms driving stem cell differentiation because the body axis extends progressively during development and is sustained by a stem cell population found at the posterior end of the embryo. Neuromesodermal (NM) stem cells initially reside near the node and in the caudal lateral epiblast adjacent to the primitive streak (PS), and contribute to the somites and neural tube of the entire trunk and tail (Nicolas et al., 1996; Cambray and Wilson, 2007; Tzouanacou et al., 2009; Wilson et al., 2009 ). On the path to formation of the trunk musculoskeleton, NM stem cells must undergo several necessary processes and developmental transitions. Proper entry into the presomitic mesoderm (PSM) cell fate requires that epithelial NM stem cells undergo ingression in the PS, undertake epithelial-mesenchymal transition (EMT) to become mesoderm, adopt PSM cell identity, undergo lateral cell motility and finally repress neural cell fate. The segmentation clock is a characteristic trait of PSM cells as it is an essential component of a clock-and-wavefront mechanism that periodically divides the anterior PSM into the discrete segmental units known as somites (Dequéant and Pourquié, 2008) . In mice, the PSM is continuously maintained at the posterior end by the addition of new paraxial mesoderm progenitors furnished by the PS (or the tailbud at later stages) until ∼65 pairs of somites have been generated. These somites serve as the building blocks of the trunk and tail, forming the muscle, bone, cartilage and dermis. As so many separate processes are associated with acquisition of a PSM cell fate, it is reasonable to expect complex and diverse transcriptional control over these processes; however, how these processes are coordinated remains unknown.
Wnt signaling plays a pivotal role in the formation of the PSM. Loss-of-function mutations in Wnt3a or Ctnnb1 (β-catenin) lead to a loss of paraxial mesoderm progenitors and their derivatives, the PSM and somites, whereas conditional gain-of-function mutations that stabilize β-catenin in the mesoderm result in a large expansion of the PSM (Takada et al., 1994; Cano et al., 2000; Dunty et al., 2008) . Several transcriptional regulators lie downstream of Wnt signaling in the PS and, therefore, are excellent candidates to regulate PSM formation (Dunty et al., 2014) . These include the T-box transcription factors brachyury (hereafter referred to by its symbol T ) and Tbx6, and the basic helix-loop-helix (bHLH) transcription factor mesogenin 1 (Msgn1) (Yamaguchi et al., 1999; Wittler et al., 2007; Dunty et al., 2008; Chalamalasetty et al., 2011) . Combinatorial expression of these factors defines nascent paraxial mesoderm (T + Tbx6 + Msgn1 + ) or differentiated PSM (Tbx6 + Msgn1 + ). Null mutations in these genes lead to posterior phenotypes that bear similarities to the Wnt3a −/− phenotype, as they all display a loss of posterior somites and PSM (Fujimoto and Yanagisawa, 1979; Chapman and Papaioannou, 1998; . However, gain-of-function studies on Tbx6 in mice (Wehn and Chapman, 2010) and T in embryonic stem cells (ESCs) (Lindsley et al., 2008) do not reveal strong mesoderm-inducing activity, raising the question as to what is the major positive regulator(s) of PSM fate.
In zebrafish, the core pathway known to initiate PSM identity involves co-regulation by Msgn1 and the Tbx6-related T-box transcription factor spadetail (Fior et al., 2012; Yabe and Takada, 2012) , indicating a role for multiple transcription factors in PSM cell fate. However, we present evidence that, in mice, Msgn1 is necessary to maintain the PSM and might be sufficient for PSM specification. Using molecular, genetic and genomic approaches, we show that Msgn1 directly activates a gene regulatory network that orchestrates PSM differentiation, EMT and motility. Forced expression of Msgn1 in ESCs and in vivo, resulted in cells adopting PSM fates, demonstrating that Msgn1 is a master regulator of PSM differentiation.
RESULTS

Msgn1 is necessary and sufficient for PSM differentiation
Previous studies of Msgn1 −/− embryos that analyzed the expression of the PSM marker Tbx6 have been contradictory Nowotschin et al., 2012) . Given that Tbx6 is expressed in two related populations of posterior mesodermthe nascent paraxial mesoderm emerging from the PS (Fig. 1A,B , arrowhead) and the more anteriorly located differentiated PSM (dashed ovals, Fig. 1B )we reexamined Tbx6 expression in Msgn1 −/− embryos at a stage [E8.5, 4-8 somite stage (ss)] that allowed us to distinguish these two populations (Fig. 1C, D) . We found that Tbx6 expression was dramatically reduced in Msgn1 −/− embryos (Fig. 1C) , particularly in the PSM domain (cf. dashed ovals, Fig. 1B,D) . By contrast, T expression in immature paraxial mesoderm progenitors was expanded in the Msgn1 −/− mesoderm compared to wild-type embryos ( Fig. 1E-H) . These results demonstrate that Tbx6 expression is Msgn1-dependent and suggest that both Msgn1 and Tbx6 are necessary for PSM differentiation.
To determine whether Msgn1 or Tbx6 is sufficient to drive PSM differentiation, we generated inducible Tet-ON ESC lines to conditionally express Msgn1 or Tbx6. Recombinant ESCs expressing a doxycycline (Dox)-inducible FLAG epitope-tagged Msgn1 (iF-Msgn1) were cultured in suspension for 2 days to initiate embryoid body (EB) formation and epiblast differentiation, before addition of Dox. Dox-mediated induction of Msgn1 at this timepoint represents premature, ectopic expression because endogenous Msgn1 is not expressed until day 4 of differentiation (supplementary material Fig. S1A-C). EBs were treated with Dox for 6-72 h before cells were harvested for RT-PCR analysis. Expression of Msgn1 in differentiating EBs resulted in the rapid activation of the PSM gene Tbx6, and the anterior PSM and somite marker Pax3, but not the intermediate mesoderm marker Osr1 (Mugford et al., 2008) (Fig. 1I ). Pdgfrα is a cell surface marker of mesenchymal paraxial mesoderm progenitors (Sakurai et al., 2006; Takebe et al., 2006) , and, together with Flk1 (Kdr -Mouse Genome Informatics), marks progenitors with broad mesodermal potential (Ema et al., 2006; Lindsley et al., 2008) . Fluorescence-activated cell sorting (FACS) analysis of iF-Msgn1 EBs treated with Dox demonstrated that the induction of Msgn1 resulted in the rapid and preferential cell surface expression of Pdgfrα. Whereas only 1.36% of control cells were Pdgfrα + , 62.8% were Pdgfrα + after only 12 h of Dox treatment (arrowheads, supplementary material Fig. S1D ). A similar percentage of Msgn1expressing cells were Pdgfrα + after 24 h of Dox administration, compared with 4.92% in untreated cells (arrowheads, Fig. 1J ). A fivefold increase in Pdgfrα + /Flk1 + double-positive cells was also detected in Msgn1-expressing cells (3.53%, compared with 0.69% in controls). Importantly, overexpression of FLAG-tagged Tbx6 (F-Tbx6) in EBs (supplementary material Fig. S1E -G) did not induce these mesoderm markers (Fig. 1J ). These results suggest that Msgn1 is sufficient to elicit PSM differentiation from ESCs.
Genome-wide characterization of Msgn1 target genes
Microarrays were used to assess the effects of Msgn1 overexpression on global gene expression in EBs. Transcriptional profiles of iF-Msgn1 EBs at 12, 24 and 48 h after Dox treatment revealed that Msgn1 rapidly activated gene expression (NCBI GEO dataset GSE29848). After 24 h of Dox treatment, 85% (280/332, P≤0.05) of the unique, differentially expressed genes were upregulated >1.5 fold (supplementary material Fig. S2A and Table S1 ). Pathway analysis revealed that a highly significant number of the genes activated by Msgn1 in EBs were expressed in mesoderm (73/332, P≤4.94×10 −39 ) ( Fig. 2A , Table 1;  supplementary material Table S1 ), somites, the PS and stem cells, and were associated with developmental signaling pathways including the Wnt/β-catenin pathway ( Fig. 2B , Table 1 ). Remarkably, Msgn1 activated genes crucial for the development of multiple aspects of PSM development. Msgn1 activated key mesodermal progenitor markers, including Tbx6, Pdgfra and Gata4 (Fig. 1I , Table 1) , as well as genes that control EMT (Snai1, Twist1, Zeb1, Zeb2 and Foxc1), segmentation and Notch signaling (Epha4, Dll1, Dll3, Notch1, Lfng and Nrarp), and planar cell polarity (Wnt5a, Prickle1 and Dact1) ( Table 1) . Msgn1-dependent gene activation was validated by qPCR analysis for select genes (Fig. 2C-H; Chalamalasetty et al., 2011) . These data show that Msgn1 regulates the expression of key regulators of PSM fate.
To determine which of these genes represent direct targets of Msgn1, genomic Msgn1-binding sites in differentiating EBs were determined by chromatin immunoprecipitation sequencing (ChIP-Seq). A total of 4087 identified Msgn1-binding sites or 'peaks' were assigned to 1860 genes because they were found within or adjacent [−10 kb to Transcription Start Site (TSS); +5 kb to Transcription Termination Site (TTS)] to a gene. A significant number of peaks were within 2 kb upstream of the TSS, suggesting that Msgn1 predominantly bound to promoters ( Fig. 3A,B ; supplementary material Table S2 ). Integration of the ChIP-Seq and microarray data revealed that one-third (121/332 genes) of the genes that were differentially expressed upon Msgn1 induction were directly bound by Msgn1 ( Fig. 3C ; supplementary material Table S3 ). Gene ontology (GO) term analysis using the GREAT algorithm (McLean et al., 2010) showed enrichment for genes that are expressed in the PS and mesoderm, and those that regulate mesoderm differentiation and morphogenesis, germ layer formation and EMT, among others ( Fig. 3D ; supplementary material Fig. S2B and Table S2 ). Analysis of all 4087 Msgn1-binding site sequences for common sequence motifs identified an E-box motif (CANNTG), specifically CCATTTGT ( Fig. 3E ; supplementary material Fig. S2C ), which is a well-characterized binding site for bHLH transcription factors (Jones, 2004) . This Msgn1-binding site was located centrally within identified peaks (supplementary material Fig. S2D ) and bound to Msgn1 in electrophoretic mobility shift assays (EMSAs) (supplementary material Fig. S3 ; Chalamalasetty et al., 2011) . Several other interesting motifs were associated with Msgn1-binding sites, including binding sites for the Ets, T-box, Gata and Sp transcription factors (supplementary material Fig. S2E ).
Msgn1 directly activates key regulators of PSM fate
The rapid expression of Tbx6 and Pdgfra mRNA and protein in EBs upon Msgn1 induction ( Fig. 1I ; supplementary material Fig. S1D ) is consistent with Msgn1 directly activating these genes. Indeed, ChIP-Seq revealed that Msgn1 bound to regulatory elements in both Tbx6 ( Fig. 4A) and Pdgfra (Fig. 4D ). The Tbx6+3913 3′ enhancer contained four E-boxes ( Fig. 4A ), including two embedded consensus Msgn1-binding sites (E1 and E3) that bound (supplementary material Fig. S3A ), and were activated by, Msgn1 in vitro (Fig. 4B ). The Tbx6 ChIP-seq peak was validated by ChIP-qPCR in iF-Msgn1 EBs (Fig. 4C) . Similarly, six E-boxes (E1-6) were discerned in the Pdgfra −2140 peak ( Fig. 4D ), including two consensus Msgn1-binding sites (E2 and E4) that bound Msgn1 (supplementary material Fig. S3B ). Mutation of E2 showed that it was necessary for Msgn1-dependent activation of a Pdgfra −2140 enhancer-luciferase reporter ( Fig. 4E ). Importantly, both Tbx6 and Pdgfra were downregulated in the Msgn1 −/− PSM ( Fig 
Msgn1 is a direct regulator of EMT
Given that Snai1 and other EMT genes are induced by Msgn1 (Table 1) , and that Snai1 is considered a master regulator of the EMT program (Batlle et al., 2000; Barrallo-Gimeno and Nieto, 2005) , we examined the mechanism of Snai1 activation by Msgn1. RT-PCR analysis validated the microarray data, showing that Snai1 was rapidly and robustly activated in EBs within 6 h of Msgn1 induction (Fig. 5A ). ChIP-seq analysis revealed that Msgn1 bound a previously described Snai1 3′ enhancer (Palmer et al., 2007 ) that contains two E-boxes ( Fig. 5B ). Co-transfection of Msgn1 expression vectors with Snai1+5148 luciferase reporter constructs showed that Msgn1 activated the reporter sevenfold ( Fig. 5C ). Moreover, binding of Msgn1 to the Snai1 enhancer was confirmed by ChIP assays in both iF-Msgn1 EBs and PSM extracts using anti-Msgn1 antibody (Fig. 5D ).
To determine whether Snai1 expression in vivo depends upon Msgn1 and the Wnt3a/β-catenin signaling pathway, we examined Snai1 expression in Wnt3a −/− , conditional Ctnnb1 loss-of-function S3G ). Additionally, the ChIP-seq data showed that six additional genes implicated in the regulation of EMT [Zeb2, Foxc1, Lef1, Notch1, fibronectin (Fn1) and Pdgfra, see above] were directly bound by Msgn1. Quantitative real-time PCR (qPCR) analysis confirmed that Msgn1 expression in EBs resulted in the upregulation of several mesenchymal markers including N-cadherin (Cdh2), Fn1, Foxc1, Mmp2, Twist1 and vimentin (Vim), whereas epithelial and junctional markers, such as E-cadherin (Cdh1), claudin 3 and claudin 7 (Cldn3, Cldn7), and occludin (Ocln) were downregulated ( Fig. 6A ; supplementary material Fig. S3H ). As many of the targets of Msgn1 are also Snai1 targets, the results show that Msgn1 activates a redundant mechanism to initiate the EMT program (Cano et al., 2000; Guaita et al., 2002; Barrallo-Gimeno and Nieto, 2005) .
The lack of Snai1 expression in the Msgn1 −/− PSM prompted us to examine embryo sections for defects in EMT, which could manifest as abnormal cell morphology, ingression or movement in the PS. Surprisingly, cells with mesenchymal morphology had clearly ingressed in the mutant PS ( Fig. 6B,C) . The morphology of these Msgn1 −/− cells in the midline PS was indistinguishable from similarly located wild-type mesenchymal cells that had ingressed but had not yet moved from the PS, suggesting that the mutant cells display a cell motility defect. To directly test this, we assessed cell motility in PS explant cultures ( Fig. 6D ,E). In 18 of 21 control explants, motile cells migrated out of the explant, traveling distances of up to 1100 μm within 48 h of culture ( Fig. 6F ). These motile cells expressed the mesenchymal marker vimentin, and not the epithelial marker E-cadherin ( Fig. 6G-J) . By contrast, motile, vimentinpositive cells were much less abundant in the periphery of Msgn1 −/− explants (n=14; Fig. 6K -N) and displayed significantly reduced migration, not traveling for more than ∼300 μm (Fig. 6F) . These results suggest that Msgn1 is required for the initiation of a motile mesenchymal state in PSM cells.
Msgn1 specifies PSM fates in vivo
To test whether Msgn1 can specify PSM fate in vivo, we generated a 'Tet-ON' Msgn1-expressing transgenic mouse line to be used in conjunction with Cre recombinase-expressing transgenic lines to precisely control the spatiotemporal expression of Msgn1 (supplementary material Fig. S4A) . T-Cre mice were used to express Msgn1 in the trunk region, presumably in the NM stem cell that gives rise to both the neural tube and mesodermal lineages (Perantoni et al., 2005) . Administration of Dox to T-Cre tg/+ ; R26-flox- Using EGFP (rtTA-Ires-EGFP) expression as a permanent cell lineage tracer, the ectopic expression of Msgn1 in NM stem cells and their progeny resulted in a reduction in the number of EGFP-expressing cells contributing to the neural tube. Although 62% (n=5) of neural cells were EGFP + in controls, only 22% (n=5) were EGFP + when Msgn1 was induced ( Fig. 7A-G ), suggesting that Msgn1 expression diverted NM progeny away from a neural fate. Nevertheless, F-Msgn1 was still detected in the cells that remained in the neural tube. These cells were Sox2 + and Tbx6 − , suggesting that they retained neural character (supplementary material Fig. S4E-L) . To investigate whether the reduced number of EGFP + neural cells was caused by Msgn1induced cell death, we examined Tcre-F-Msgn1 GOF embryos for expression of the apoptosis initiator protein caspase-3. Although caspase-3 was detected in 2/5 and 3/3 mutants at E9.5 and E10.5, respectively, it was mostly observed in mesoderm cells and did not colocalize with F-Msgn1 (supplementary material Fig. S5 ), suggesting that the cell death is a secondary consequence of Msgn1 expression.
The reduced number of NM stem cell progeny contributing to the neural tube was accompanied by a correspondingly dramatic increase in the number of Tcre-F-Msgn1 GOF PSM cells ( Fig. 7H-N) , and by the enlarged mRNA and protein expression domains of the PSM markers Dll3 and Tbx6 (Fig. 7O-T ; supplementary material Fig. S4I-L) . The expansion of the PSM came at the expense of somites because segment boundaries were absent and the expression of the somite polarity marker Uncx4.1 (Uncx -Mouse Genome Informatics) was reduced or absent ( Fig. 7O-T) . T expression in the germ layer progenitors of the PS was also expanded (Fig. 7U,X) . Thus, forced expression of Msgn1 in NM stem cells resulted in fewer progeny becoming neural, and more cells becoming PSM, which is consistent with Msgn1 specifying the PSM fate.
We took advantage of T-Cre expression in the posterior notochord (Perantoni et al., 2005) to test whether ectopic expression of Msgn1 could induce notochord progenitors to take up a PSM fate. Msgn1 expression in notochord progenitors severely disrupted the expression of the notochord marker T (Fig. 7U-Z) in the posterior midline of Tcre-F-Msgn1 GOF embryos treated with Dox ( Fig. 7X-Z) . Sections revealed that the T + midline notochord, which normally divides the adjacent Tbx6 + PSM into two paraxial domains ( Fig. 7H-J,V,W) , was absent in Tcre-F-Msgn1 GOF embryos (Fig. 7Y,Z) and was replaced by a large swath of Msgn1 + Tbx6 + PSM (Fig. 7K-M) . Sections further revealed that the Tcre-F-Msgn1 GOF neural tube was smaller and displayed abnormal ventral morphology (cf. Fig. 7V,Y) , consistent with the absence of a floor plate due to a lack of notochord-derived ventralizing signals (Dodd et al., 1998) . These results suggest that the ectopic expression of Msgn1 suppressed notochord fate and promoted a PSM fate.
Msgn1 functions downstream of Wnt in mesoderm formation
Wnt3a initiates PSM formation in the trunk region of the embryo. As Msgn1 lies downstream of Wnt3a, we tested whether Msgn1 was sufficient to induce PSM differentiation independent of Wnt activity. iF-Msgn1 and control iCre EBs were treated with the secreted Wnt antagonist Dkk1 to inhibit endogenous Wnt signaling (Fig. 8A) . Dkk1 suppressed the number of Pdgfrα + cells in uninduced cells (12.5% in samples without Dox compared with 5% in samples without Dox and with Dkk1) but had no effect on Msgn1-induced samples (cf. 57% in samples treated only with Dox and 55.8% in samples treated with Dox and Dkk1). In controls, Dkk1 treatment suppressed Pdgfrα irrespective of Dox treatment. Thus, Msgn1 is capable of promoting PSM differentiation in ESCs even in the absence of Wnt activity.
To examine whether Msgn1 was sufficient to restore PSM differentiation in vivo and rescue the Wnt3a −/− mutant phenotype, we expressed F-Msgn1 in Wnt3a −/− NM stem cells using T-Cre ( Fig. 8B-K) . Wnt3a −/− mutants lack posterior paraxial mesoderm ( Fig. 8B,C,E,F) , do not express the somite and PSM marker Meox1 in the posterior embryo (Fig. 8H,J) and instead display a duplicate neural tube (Fig. 8F ). Forced expression of Msgn1 restored paraxial mesoderm to Wnt3a −/− embryos (cf. Fig. 8F,G) and posteriorly extended the Meox1 expression domain (cf. Fig. 8J,K) , suggesting that Msgn1 is sufficient to drive PSM differentiation in the absence of Wnt3a. Msgn1 expression did not fully rescue posterior axis extension, presumably owing to a requirement for Wnt3a to maintain trunk progenitors. Interestingly, the duplicate neural tube was still observed despite the forced expression of Msgn1 (Fig. 8G ), suggesting that the expression of Msgn1 alone is insufficient to suppress neural specification. DISCUSSION We have shown that Msgn1 is a master regulatory switch for paraxial PSM fate. Msgn1 possesses the extraordinary capacity to convert progenitor cell populations into paraxial mesoderm and is essential for paraxial mesoderm formation throughout the majority of the vertebrate trunk axis. Of the 65 total pairs of somites that form in the mouse embryo, only 8-10 develop in Msgn1 −/− mutants, demonstrating that Msgn1 is essential for proper trunk PSM and somite development. It is likely that the anterior somites form under the control of a separate genetic program, as suggested by the many mouse mutants that display defects in PSM formation and axis truncation but do not have defects in the anterior-most 8-10 somites (Takada et al., 1994; Chapman and Papaioannou, 1998; Galceran et al., 1999; Dunty et al., 2008 Dunty et al., , 2014 Nowotschin et al., 2012) . By contrast, Pdgfra −/− mutants show defects in the most rostral somites (Soriano, 1997) . Our demonstration that Pdgfra is a direct target of Msgn1 predicts that the rostral somites should also be affected in Msgn1 −/− embryos. The absence of a Pdgfra −/− -like phenotype in these mutants suggests that the rostral somites that form in Msgn1 mutants could arise owing to redundancies between Msgn1 and the closely related Mesp1 and Mesp2 bHLH factors .
Wnt3a regulates EMT and PSM cell motility through Msgn1
The PSM is a transitory musculoskeletal population formed from a trunk stem cell population. PSM cells are uniquely identified by their early mesodermal progenitor state and their motile mesenchymal phenotype. Our extensive gene-regulatory analysis of pathways downstream of Msgn1 provides a unique look at how a master regulator functions to activate pathways essential for the many features that define cell fate. Our data show that Msgn1 can act as a multifaceted master regulator through activation of other master regulators. Previous analyses of Wnt3a −/− embryos have shown that migrating mesenchymal PSM cells are missing in the mutant PS (Yoshikawa et al., 1997) . Snai1 is downregulated in Wnt3a and Ctnnb1 loss-of-function mutants (this work; Dale et al., 2006) and is induced by recombinant Wnt3a treatment of ESCs (R.B.C and T.P.Y., unpublished). Our data show that Msgn1a Wnt3a target geneis a major developmental regulator of Snai1 and other EMT genes. Given that Snai1 is a direct target of Msgn1, the loss of Snai1 expression in Wnt3a and Ctnnb1 mutants is presumably secondary to the loss of Msgn1 expression in these mutants. Thus, Msgn1 is an excellent candidate to transduce the Wnt3a/β-catenin signal that regulates EMT and cell movement during gastrulation and axis extension. Interestingly, Msgn1 directly activates many of the EMT pathway genes that Snai1 activates, suggesting that Msgn1 ensures the activation of the EMT and motility programs in PSM cells through a feed-forward mechanism involving Snai1. Notably, Msgn1 −/− mesodermal progenitors still ingress and display mesenchymal morphology in the PS, but are unable to move out of the PS. This argues that the Msgn1-Snai1 axis primarily functions to drive cell movement rather than EMT. The demonstration that Msgn1 regulates cell movements in zebrafish is consistent with this conclusion; however, the mechanisms appear to be substantially different because Msgn1 suppresses snail1a in fish (Fior et al., 2012) . Alternatively, it is possible that additional Wnt3a target genes compensate for the loss of Msgn1 and initiate, but fail to complete, the EMT process.
An enormous interest in EMT, and the reverse mesenchymalepithelial transition (MET), has developed in recent years owing to the important roles that these evolutionarily conserved developmental processes play in embryogenesis, stem cell reprogramming, tumor progression and metastasis (Esteban et al., 2012; Lim and Thiery, 2012; De Craene and Berx, 2013) . The only known tissue and developmental stage that Msgn1 is expressed is in the mesenchymal cells of the PSM, making Msgn1 a remarkably stage-and tissuespecific transcription factor. Our studies demonstrate that Msgn1 regulates the EMT and PSM differentiation programs by binding to a unique E-box sequence that is distinct from the binding sites for Twist1 (Eckert et al., 2011) , MyoD and NeuroD1 (Fong et al., 2012) . Other non-bHLH EMT transcription factors, such as the Zn-finger homeodomain-containing factors Zeb1 and Zeb2, also function by binding to E-boxes and closely related Z-boxes (Burk et al., 2008) . Interestingly, Msgn1-binding sites can be found clustered with binding sites for these EMT transcription factors in transcriptional enhancers of EMT genes suggesting that differentiation factors and EMT transcription factors target the same enhancers. For example, Msgn1 activates Pdgfra expression through the same highly conserved enhancer that is targeted by Twist1 during mammary tumor metastasis (Eckert et al., 2011) . In addition to binding sites for Msgn1 and Twist1, this enhancer also contains binding sites for MyoD1 and Zeb1. These results are consistent with the EMT genetic program lying embedded within broader differentiation programs, and suggest a mechanism for how transcription factors that specify unique cellular phenotypes can similarly modulate EMT. In that sense, the EMT program is highly receptive to regulation by bHLH transcription factors to promote mesenchymal cell behavior.
Msgn1 is a potent activator of PSM differentiation
Careful assessment of Msgn1 −/− embryos has revealed that primitive mesodermal progenitors form but are unable to differentiate into PSM or move away from the PS. This explains the grossly enlarged tailbud observed in Msgn1 −/− mutants as being the result of the combined inability of immature mesodermal progenitors to undergo both differentiation and migration. Tbx6 mutants also display a similarly enlarged tailbud (Chapman and Papaioannou, 1998) . These findings in mice contrast with zebrafish studies where an enlarged tailbud is only seen in the absence of both msgn1 and spadetail suggesting perhaps that the basic regulatory networks that define the PSM phenotype has diverged to some extent between mammals and fish (Fior et al., 2012; Yabe and Takada, 2012) . In mice, Wnt3a −/− and T −/− embryos do not form a tailbud and are completely devoid of NM stem cells and posterior mesoderm by E9.5 (Wilkinson et al., 1990; Takada et al., 1994; Yamaguchi et al., 1999; . Thus, Wnt3a and T define a class of genes necessary for mesodermal progenitor formation and maintenance, whereas Msgn1 and Tbx6 belong to a separate class that is necessary for mesodermal differentiation (Fig. 9) . Consistent with Msgn1 being the ultimate effector of PSM differentiation, Msgn1 is not expressed in Wnt3a −/− , T −/− or Tbx6 −/− embryos (Wittler et al., 2007; Chalamalasetty et al., 2011; Nowotschin et al., 2012) , whereas Wnt3a, T and, at least in mesodermal progenitors, Tbx6, continue to be expressed in Msgn1 −/− mouse embryos (this work; ; but see Nowotschin et al., 2012) . The continued expression of Wnt3a, T and Tbx6 in Msgn1 −/− mutants demonstrates that their expression is insufficient for PSM differentiation in the absence of Msgn1.
Msgn1 promotes PSM differentiation through the direct activation of a PSM genetic program. Msgn1 activates Tbx6, Snai1, Foxc1, Pdgfra and Dact1, which are all essential for mesodermal development. Through the activation of multiple mediators of PSM cell fate, Msgn1 broadly instills PSM characteristics on mesodermal progenitors. A key feature of this activation of PSM fate is the parallel inhibition of competing cell fates. NM stem cells have the capacity to differentiate into both neural and mesodermal cells; however, in addition to activating the PSM program, Msgn1 also activates a program that inhibits entry into the neural cell fate. Specifically, Msgn1 directly activates the Tbx6 transcription factor, which is a known inhibitor of the neural determinant Sox2, in PSM tissue. Indeed, misexpression of Sox2 in paraxial mesoderm is sufficient to generate ectopic neural tube formation (Takemoto et al., 2011) . Tbx6 suppresses Sox2 and neural fates through a neural-specific N1 enhancer in the Sox2 locus (Takemoto et al., 2011) . Thus, the reprogramming of neurons to a PSM fate likely requires the expression of at least two genes, Msgn1 to specify PSM fates and Tbx6 to suppress neural fates. Although we have shown that Msgn1 is sufficient to activate Tbx6 transcription in luciferase reporter assays in heterologous cell lines, it is apparently insufficient in neurons to reprogram neural fates or requires higher levels of expression than we were able to achieve experimentally. Nevertheless, given the powerful ability of Msgn1 to function as a transcriptional regulator, it will be interesting to test whether Msgn1 is capable of directly reprogramming human somatic cells into musculoskeletal stem cells (i.e. PSM), given that the PSM gives rise to several cell types, including skeletal muscle, dermis, bone and cartilage, that could be used in regenerative therapies for aging or musculoskeletal disease.
MATERIALS AND METHODS
Mice and embryos
The Wnt3a tm1Amc (Takada et al., 1994) , Msgn1 tm1Wb , Ctnnb1 tm2Kem (Brault et al., 2001) , Ctnnb1 tm1Mmt (Harada et al., 1999) , Gt(Rosa) 26Sor tm1Sor (Soriano, 1999) , B6.Cg-Gt (ROSA) 26Sortm1 (rtTA,EGFP)Nagy /J (Belteki et al., 2005) and Tg(T-cre)1Lwd (Perantoni et al., 2005) mice were used to generate the allelic combinations featured in this study. For conditional expression of Flag-tagged Msgn1 in mice, LacZ-TRE-F-Msgn1 Tg/+ transgenic mice were generated by standard pronuclear injection methods. Detailed experimental details on the generation and characterization of LacZ-TRE-F-Msgn1 Tg/+ mice can be found in the methods in the supplementary materials. Embryos were dissected at E8.5 (4-8 somites) and E9.5 (18-22 somites). All animal experiments were performed in accordance with the guidelines established by the NCI-Frederick Animal Care and Use Committee.
Whole-mount in situ hybridization, β-gal staining and immunohistochemistry Whole-mount in situ hybridization (WISH) experiments and probe synthesis (Msgn1, Tbx6, Snai1, Meox1, T, Pdgfra, Uncx4.1 and Dll3) were carried out as described previously (Biris and Yamaguchi, 2014) . All observed phenotypes were reproduced in at least three separate embryos unless otherwise specified. β-gal staining of cells and embryos was performed according to standard protocols (Whiting et al., 1991) . For immunodetection on frozen sections, mouse embryos were fixed in 4% paraformaldehyde in PBS for 30 min at room temperature, incubated in 20% sucrose overnight at 4°C, embedded in OCT, and sectioned to a thickness of 5 μm. Immunodetection was performed as described previously (Dunty et al., 2014) . Detailed experimental details can be found in the methods in the supplementary materials. Tailbud explant migration assay E9.5 18-22 ss embryos were dissected at room temperature in PBS. Excised tailbuds extended anteriorly from the tail tip up to, but not including, the hindgut. Isolated explants were transferred by pipette onto fibronectin-coated eight-well μ-slide dishes (Ibidi) containing 300 μl of Dulbecco's modified Eagle's medium (DMEM) and 10% fetal bovine serum (FBS) (Gibco), and were cultured for 48 h at 37°C in 5% CO 2 . For immunocytochemistry analysis, explants were fixed in 4% PFA in PBS for 15 min at room temperature, washed with PBS and processed for antibody staining. Pilot experiments revealed that after the initial attachment and spreading of the explant on the dish, the tight cell-cell contacts visualized by intense phalloidin and E-cadherin staining remained intact in the ectoderm over the 48 h culture and readily defined the explant boundaries. Mesenchymal cells migrated radially away from the explant as individual cells and were defined by a low-level of phalloidin staining, and being negative for E-cadherin and positive for vimentin staining.
Cloning, ESC culture and differentiation 1×Flag-Msgn1, 3×Flag-Msgn1-Ires2-AcGFP and 3×Flag-Tbx6-Ires2-AcGFP were cloned into p2lox vector to generate iF-Msgn1 or iF-Tbx6 ESCs. Sitespecific recombination in A2lox Cre ESCs was achieved as described previously . ESCs were cultured on mitomycin C-treated mouse embryo fibroblasts (MEFs) in DMEM, 15% FBS, 1× MEM nonessential amino acids, penicillin-streptomycin (all Life Technologies), 10 3 units/ml ESGRO (Chemicon) and 100 μM β-mercaptoethanol. For differentiation, ESCs were separated from MEFs and grown in suspension cultures for 2 days to form EBs. Dox was added on day 2 to induce Msgn1 and samples were harvested from 6-72 h post-induction, depending on the experiment. Detailed experimental details can be found in the methods in the supplementary materials.
EMSA assays
0.8 ng of DIG-labeled oligonucleotides (DIG Gel Shift Assay Kit, Roche, catalog number 03353591910) were incubated with Msgn1 and DNA-protein complexes were migrated on 6% DNA retardation gels (Invitrogen) and analyzed on Hybond-N+ membrane (Amersham, catalog number RPN303B) according to manufacturer's instructions. Detailed experimental details can be found in the methods in the supplementary materials.
Luciferase assays
200 ng of luciferase reporter and 5 ng of Renilla constructs were cotransfected with 50 ng of expression construct per well in 24-well plates. Luciferase assays were performed according to Dual Luciferase Assay Kit (Promega) instructions. Detailed experimental details can be found in the methods in the supplementary materials.
Reverse transcription and qPCR
RNA isolation, reverse transcription and qPCR were set up as described previously (Chalamalasetty et al., 2011) . Total RNA was isolated using RNeasy mini kit (Qiagen), reverse transcription and qPCR were set up using iScript cDNA synthesis kit and SsoAdvanced Universal SYBR Green Supermix (Bio-Rad), respectively. Oligos used in this study are described in supplementary material Table S5 . Detailed experimental details can be found in the methods in the supplementary materials.
Flow cytometry analysis
EBs were washed in PBS and briefly trypsinized with 0.25% Trypsin-EDTA for 1 min to dissociate into single cells. After neutralizing in DMEM, 10% FBS medium, cells were washed in ice-cold SORT buffer (PBS, penicillinstreptomycin, 0.2% Fraction-V BSA) and stained with antibodies for 20 min on ice. Cells were washed twice with SORT buffer and fixed in 1% PFA. For analysis, cells were passed through cell strainer and analyzed using a BD FACS machine. Raw data was imported to FlowJo software for extensive analysis. Antibodies used in flow cytometry are described in Table S4 in the supplementary materials.
Gene expression profiling, ChIP-qPCR and ChIP-Seq studies
For microarray analysis, day 2 EBs formed from iF-Msgn1 ESC were treated with 1 μg/ml of Dox and samples were subsequently collected at 12 h, 24 h, and 48 h time points. Microarray and ChIP-seq analyses were performed as described previously (Chalamalasetty et al., 2011) . Briefly, ChIP-seq was performed on day 2 EBs treated with Dox for an additional 36 h, fixed in 1% formaldehyde solution for 15 min, quenched with 0.125 M glycine and flash-frozen. Nuclear extracts were incubated with anti-Flag M2 antibody (Sigma), DNA fragments were purified and amplified using Illumina ChIP-seq DNA sample prep kit (Illumina), and DNA libraries were sequenced on a Genome Analyzer II. 35-nt sequence reads were mapped to the mouse genome (build mm9) using the Eland algorithm. Validation of ChIP-seq peaks was done by ChIP-qPCR on iF-Msgn1 EBs and E9.5 PSM extracts using control (Clone: NS-1; Sigma) and anti-Msgn1 ascites (Chalamalasetty et al., 2011) as described previously. Detailed experimental details can be found in the methods in the supplementary materials.
Accession numbers
Microarray and ChIP-seq data reported in this paper are deposited in NCBI GEO database with accession numbers GSE29848 and GSE55263, respectively. Fig. 9 . Msgn1 is a master regulator of PSM differentiation. Bipotential NM stem cells, defined by Sox2 and T expression, generate the progenitors of the trunk spinal cord (NPC, neural progenitor cells) and musculoskeletal system (MPC, mesodermal progenitor cells). Wnt3a maintains both the NM stem cell and the MPC. In our model, the Wnt3a/β-catenin pathway activates the target genes T and Msgn1 in NM stem cells in the PS to specify paraxial mesoderm fate (Yamaguchi et al., 1999; Dunty et al., 2008; Chalamalasetty et al., 2011) . Msgn1 initiates the genetic programs that define PSM identity and cell behavior by activating downstream master regulators of EMT and motility (Snai1) and neural suppression (Tbx6) among others. Msgn1 and Tbx6 expression must be extinguished for PSM cells to undergo MET and segmentation to form somites and, ultimately, to differentiate into skeletal muscle, bone, cartilage, tendons, endothelial cells and dermis.
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